The aim of this study was to evaluate shear bond strength (SBS) and microleakage of a self-etching adhesive (Adper Prompt L-Pop) in comparison to acid etching prior fissure sealing. Each procedure was tested with 3 aging procedures (1-day water storage, 3-month water storage and 1-day water storage/5,000× thermocycling). SBS was determined according to ISO standard 29022. Additional 30 third molars were utilized for the microleakage analyses. Data were analyzed using Mann-Whitney-U-Test and multiple linear regression models. The SBS of the self-etching adhesive were significantly lower (14.9, 11.9, and 13.0 MPa) than those of conventional fissure sealing (19.1, 18.2, and 15.6 MPa). Multiple linear regression models predicted that material and alteration significantly influenced SBS. The microleakage revealed no difference between both groups (1.3% vs. 1.2%). It can be concluded that the selfetching adhesive might be a pre-treatment alternative for fissure sealing in terms of the easier and shorter clinical workflow.
INTRODUCTION
The occlusal surfaces of permanent molars are susceptible to early caries development 1) . A wellaccepted procedure for the prevention or arrest of the development of dental caries on the occlusal surfaces is the placement of pit and fissure sealants 2, 3) . High-risk caries patients exhibit above-average benefits from fissure sealing, and the caries preventive effects have been demonstrated in several systematic reviews and meta-analyses 4, 5) . Further, methacrylate-based fissure sealants result in clinical survival rates of approximately 80% intact sealants after 3 years 6) . These retention rates are based on the conventional sealing procedure, which consists of tooth cleaning, removing the outer prismless enamel layer via etching with 37% phosphoric acid and applying the sealant material. In recent years, modifications have eased and shortened the clinical workflow and elicited advantages for children and dentists. One of these modifications is the use of selfetching adhesives that might bond to the outer prismless enamel layer without the use of phosphoric acid. These self-etching adhesives demineralize and penetrate the enamel in one step 7) . However, only self-etching adhesives with a strong acidity are appropriate for fissure sealing; milder selfetching adhesives will etch enamel not enough to ensure long-term sealant survival 8) . The dental market provides one promising self-etching adhesive material, which is a reasonable alternative for shorter application time 8) . The etching pattern on the enamel that results from the self-etching adhesive was described as similar to that of phosphoric acid 9, 10) . The simplification and clinical relevance of the use of this adhesive results from the avoidance of phosphoric acid prior to sealant application.
The few investigations of this self-etching adhesive have produced auspicious laboratory results [11] [12] [13] [14] [15] [16] . With respect to the available literature, the in vitro studies have some limitations. For example, very few specimens were used 15) , the specimens were aged for only a single day 16) or not aged at all 12) , or specimens with prismatic enamel were used 14) . The latter situation does not represent the anatomical structure that is relevant for fissure sealing. Therefore, the present study undertook a systematic investigation of this self-etching adhesive on prismless enamel, and the results were compared with those obtained via conventional fissure sealing following different types of aging prior to the shear bond strength and microleakage testing (Fig. 1) . The null hypothesis was that there would be no statistical differences between the use of a self-etching adhesive or conventional acid etching prior application of a fissure sealant material in terms of shear bond strength and microleakage.
MATERIALS AND METHODS

Specimen selection
This study utilized 60 healthy, caries-free, extracted human third molars. The teeth were additionally free of developmental disorders, fillings, and fissure sealing, and they exhibited complete root development, which is indicative of complete enamel development. The third molars were primarily extracted for orthodontic reasons. After extraction, the teeth were stored in a sodium azide solution (0.2%). The study protocol adhered to the general principles of the local ethics committee for in vitro studies. No separate study number was given to this project. 
Preparation of specimen
Before use in this study, all of the teeth were cleaned of gross debris. All roots were sectioned 1 mm under the cement-enamel junction, and the crowns were sectioned into 4 surfaces (mesial, distal, lingual and buccal) with a diamond disc (Dental Diamond Disc, H 340-F-300, HORICO, Berlin, Germany). This process resulted in 240 tooth surfaces that were randomly assigned to each group (n=120) and stored in distilled water. Only a single surface of each tooth was assigned to each group. All tooth surfaces were embedded in cold-curing methyl methacrylate resin (Technovit 4004, Heraeus Kulzer, Wehrheim, Germany). Each tooth surface was strictly aligned horizontally in the embedding material. All specimens were numbered according to a randomization table. After embedding, all tooth surfaces were cleaned with a rotary brush and fluoride-free polishing paste (Zircate Prophy Paste, Dentsply De Trey, York, PA, USA) and rinsed with water spray. To simulate the clinical situation of fissure sealing, only unprepared specimens (prismless enamel) were used in this study.
Self-etching adhesive prior sealant application (Experimental group)
The in vitro application of the materials strictly followed the clinical recommendations of the manufacturer. The tooth surface was sprayed with water and dried with water-and oil-free air. The self-etching adhesive (Adper Prompt L-Pop, 3M ESPE, St. Paul, MN, USA, LOT 517652) was prepared according to the dispensing instructions and brushed/massaged for 15 s onto the surface with the applicator tip. Subsequently, the adhesive was dried thoroughly into a thin, smooth and glossy film with a gentle stream of air. Next, a cylindrical plastic mould (Button Mould Insert, ISO 29022, Ultradent Products, South Jordan, UT, USA) was adjusted in a bonding clamp (ISO 29022, Ultradent Products) and placed in a gap-free manner on a flat area of the tooth surface. To prevent the outflow of the fissure sealing material, a resin barrier (OpalDam, Ultradent Products) was applied at the outside of the plastic mould. Next, the fissure sealant (Clinpro, 3M ESPE, LOT N460532) was applied at a depth of approximately 1 mm and light-cured together with the adhesive for 20 s with a polymerization light (Elipar, 1,470 mW/cm 2 , wavelength 430-480 nm, 3M ESPE). Another 1-mm layer was applied and also light-cured for 20 s. Together with the resin barrier, the plastic mould was carefully removed. The final result on the tooth surface was a composite cylinder of 2.38 mm in diameter, which was equal to the standardized diameter of the cylindrical plastic mould.
Conventional fissure sealing (Control group)
The tooth surface was initially rinsed with water spray and then air-dried with water-and oil-free air. Next, the enamel surface was etched with 37% phosphoric acid gel (Total Etch, Ivoclar Vivadent, Schaan, Liechtenstein) for 30 s. Again, the tooth surface was rinsed with water spray and dried with pressured air for 5 s until a chalkywhite enamel surface was visible. The fissure sealing material (Helioseal F, Ivoclar Vivadent, LOT S03724) was then applied via a plastic mould in a layer that measured approximately 2 mm and subsequently lightcured as indicated above. Similar to the experimental group, this process resulted in a composite cylinder on the tooth surface.
Specimen aging
The 2 groups were subdivided into the following 3 subgroups (n=40) that underwent different aging protocols: subgroup 1 involved 1 day of storage in distilled water at 37°C in a thermal oven (Jouan EU3, INNOVENS Ovens, Thermo Fisher Scientific, Waltham, MA, USA), subgroup 2 involved 3 months of storage in distilled water at 37°C in a thermal oven, and subgroup 3 involved 1 day of storage in distilled water at 37°C followed by 5,000 cycles in a thermocycling bath (Haake W15, Thermo Haake, Karlsruhe, Germany) between 5 (±2) and 55 (±2)°C with a dwell time of 30 s and a transfer time of 5 s.
Shear bond strength testing
All specimens of both groups were examined prior shear bond strength testing for proper configuration. No quality deficits, e.g. bubbles and/or outflows, and no initial losses of the sealant cylinders prior to the shear bond strength testing were observed.
As a standardized method, the Ultradent method (Notched-edge shear bond strength test, ISO 29022) was performed 17) . After specimen storage, the shear bond strength test was performed in a universal testing machine (MCE 2000ST, Quicktest Prüfpartner, Langenfeld, Germany) at a crosshead speed of 1 mm/ min. For this step, the specimens were aligned in a metal sample holder (Test base clamp, ISO 29022, Ultradent Products) with the occlusal tooth surface facing down ("crown down"). A notched-edge shear fixture (Notchededge crosshead assembly, ISO 29022, Ultradent Products) with the semi-circular-moulded shear blade (Notched-edge shear blade, ISO 29022, Ultradent Products) was mounted to the universal testing machine and placed over the composite cylinder on the aligned specimen. The semi-circular-moulded shear blade was positioned exactly over the composite cylinder and forcefitted without premature contact to ensure that the load was applied directly to the composite cylinder. A constant crosshead speed of 1 mm/min was applied until the material failed. The maximum force (N) up to failure was recorded. The shear bond strength (expressed in MPa) was calculated considering the bonding area of the fissure sealant on the tooth surface.
Failure mode analysis
All specimens were also examined for the mode of failure using a stereomicroscope (Stemi SV11, Carl Zeiss, Jena, Germany) at 20-fold magnification. The failures were classified as follows: 1) adhesive failure (complete debonding of the material), 2) cohesive failure within the material, 3) mixed failure (partial adhesive failure and cohesive failure within material) and 4) enamel failure (failure only in enamel). The operator was blinded to the investigated group and noted the failure mode according to the randomization number of the specimen.
Microleakage testing
Thirty additional human third molars were assigned to the 2 groups (20 in the experimental group and 10 in the control group). All teeth were stored and cleaned as previously described. Each tooth was taken as a whole, and the fissure sealing on the prismless enamel of the occlusal fissure pattern was then performed in strict accordance with the manufacturer's instructions (see above). All specimens were stored in distilled water at 37°C for 1 day in a thermal oven (Jouan EU3, INNOVENS Ovens, Thermo Fisher Scientific). Then, the specimens were aged in a thermocycling bath (Haake W15, Thermo Haake) that cycled between 5 (±2) and 55 (±2)°C for 5,000 cycles with a dwell time of 30 s and a transfer time of 5 s. After thermocycling, the root surfaces were isolated with tacky wax (Boxing Wax Sticks, Kerr, Romulus, MI, USA). Subsequently, the entire tooth surface was covered with two layers of nail varnish with the exception of the area within 1 mm of the fissure sealing. This step prevented dye penetration into the other parts of the teeth. The specimens were then immersed in 0.5% basic fuchsine solution for 24 h at 37°C. Next, all specimens were rinsed with water, and the roots were sectioned 1 mm below the cementenamel junction with a diamond disc (Dental Diamond Disc, H 340-F-300, HORICO). The tooth crowns were then fully embedded in cold-curing methyl methacrylate resin (Technovit 4004, Heraeus Kulzer). This treatment resulted in a rectangular block of approximately 2.5×1.2×0.8 cm for each tooth. The blocks were fixed in a sectioning saw (Isomet Low Speed Saw, Buehler, Lake Bluff, IL, USA) with a diamond blade (Diamond Blade, Leco, St. Joseph, MI, USA), and the crowns were sectioned in the buccolingual direction into at least 5 1-mm thick slices. The front and back of each slice were inspected, and this process resulted in at least 10 available section sides per tooth. The side analyses were performed using a stereomicroscope (Stemi SV11, Carl Zeiss) at 20-fold magnification. Each side was photographed with a digital single-lens reflex camera. The subsequent picture analysis involved the methodical recording of all sides with and without dye penetration. Additionally, quality losses, such as dye penetration at sealant fractures, detachment of the sealant, and defects of the fissure sealant, were recorded. On each side, the dye penetration, if present, was quantitatively measured in relation to the total length of the interface between the enamel and the sealant. All measurements were performed with ImageJ software (version 1.47, Wayne Rasband, National Institutes of Health, Bethesda, MD, USA). Finally, the percentage of microleakage was calculated. Microleakages due to dye penetration through the enamel and/or dentine cracks along the cement-enamel junction and due to penetration through fissure sealant cracks were excluded.
Statistical analyses
A formal sample size calculation was performed using 95% confidence level, 80% power and a two-tailed significance level of 5%. The expected mean difference in the shear bond strength between the two groups would be 3 MPa with a variance of 20 and 25 for two groups, respectively. This resulted in a sample size of 40 specimens per group. Further, to avoid the influence of some teeth on the results, we randomized all specimens with the aim, that one tooth's piece (out of four) will appear only in one group. The descriptive and explorative data analyses were performed using SPSS Statistics for Windows, Version 22.0 (SPSS, IBM, Chicago, USA). Descriptive statistics for the shear bond strength and microleakage were calculated and are 
RESULTS
Shear bond strength
The shear bond strength results are shown in Table  1 . A comparison of the shear bond strengths between the two groups revealed significant differences in the The microleakages were compared using Mann-Whitney-U-Test and revealed no significant difference (p>0.05). Table 3 Failure mode analysis of the tested sealant procedures following the shear bond strength measurements performances of the self-etching adhesive material and the conventional fissure sealing material following the different aging methods. The control group exhibited significantly higher mean shear bond strengths than the experimental group (19.1, 18.2, and 15.6 MPa vs. 14.9, 11.9, and 13.0 MPa, Table 1 ). In both groups, the shear bond strength decreased with aging. The self-etching adhesive exhibited the greatest reduction in shear bond strength after 3 months of water storage, whereas the conventional fissure sealing group exhibited the greatest reduction following the 5,000 thermocycles.
Under multiple linear regression, it was observed that only material and alteration (model 1) influenced significantly the shear bond strength, whereas the interaction term in the model 2 had no effect. Multiple linear regression predicts that the coefficient of the intercept is 19.22, while the self-etching adhesive (coefficient of −4.40), 3 month water storage (−2.00) and 5,000× thermocycling (−2.73) significantly reduced the shear bond strength (Table 2) .
Failure mode analysis
The failure mode analysis results are presented in Table 3 . Adhesive failures dominated in both groups (77.5-95%) followed by mixed failures (5-22.5%). The self-etching adhesive material exhibited slightly more adhesive failures than the control group. Table 4 presents the microleakage testing results. The lengths of the dye penetrations along the enamel/ sealant interfaces (in percentages) were not significantly different between the experimental group and control group (1.3% vs. 1.2%, respectively).
Microleakage
DISCUSSION
The main finding of this investigation is that the conventional fissure sealing method exhibited significantly better shear bond strength than the selfetching adhesive (Adper Prompt L-Pop) following the different aging scenarios, whereas the microleakage patterns were similar following the two procedures. Therefore, according to the results of this in vitro study, the hypotheses that both fissure sealing methods would perform equal in terms of shear bond strength must be rejected and can be confirmed for microleakage, respectively. In terms of the influence of the alteration method, the 3-month water storage and 5,000× thermocycling aging treatments were associated with reduced shear bond strength in both groups. Specifically, the performance of the self-etching adhesive group significantly decreased after the 3-month water storage compared with the 1-day water storage. This finding suggests that the self-etching adhesive might be more susceptible to degrading hydrolytic effects. Confirming this finding, Salz et al. (2005) found that methacrylatebased self-etching adhesives are already decomposed by hydrolysis during their shelf-lives and that the bond strength may also decrease 18) . Our findings regarding the hydrolytic susceptibility of the self-etching adhesive disagree with the results of an in vitro study by Peutzfeldt and Nielsen (2004) . These authors investigated an earlier version of the self-etching adhesive evaluated here (Prompt L-Pop) and detected no difference in the self-etching adhesive after 1 week of water storage from that after 1 year of water storage and also failed to identify a difference from that of conventional fissure sealing 11) . Thus, these authors concluded that self-etching adhesives seem to be relatively resistant to hydrolytic degradation. However, the differences in the findings of the two studies can be explained by the fact that Peutzfeldt and Nielsen (2004) used an earlier version of the self-etching adhesive, which involved a different sealant material, and a different experimental design. Although Peutzfeldt and Nielsen (2004) found no differences after a long period of water storage, the results of this study are basically in agreement with those of the present study in that the shear bond strengths of the self-etching adhesive decreased with increases in the water storage time and were distinctly lower than those of conventional fissure sealing.
Regarding the results observed after the 5,000× thermocycling in the present study, the thermal stress did not significantly decrease the shear bond strength results of the self-etching adhesive compared with the 1-day water storage; however, this effect was observed in the control group. Because thermocycling is an accepted method for simulating oral conditions 19) , these findings may highlight a solid performance of the selfetching adhesive and further indicate that the material seems to be more resistant to thermal stress than conventional fissure sealing. This is a unique finding when comparing with another study by Asselin et al. (2009) that investigated the same self-etching adhesive following thermocycling but without the appropriate control groups 14) . Asselin et al. (2009) came to the conclusion that the results for the tested self-etching adhesive were even superior to those from conventional fissure sealing. However, Asselin et al. (2009) investigated the shear bond strength after 500 thermocycles only and used specimens with prismatic enamel; thus, this study is not directly comparable to clinical practice or the laboratory design of the present study.
Another aspect of the present study is that we compared the marginal integrities of both fissure sealing procedures by investigating microleakages after 5,000 thermocycles. The results revealed 1.3% dye penetration for the self-etching adhesive and 1.2% for the conventional fissure sealing. These low values indicate sound marginal sealing abilities of both fissure sealing procedures. This finding is in accordance with the findings of other work groups 13, 15) . These authors also found no differences between the fissure sealing procedures. However, both studies aged all specimens for only 500 cycles and used a scoring system instead of a specification of the percentage lengths.
Although the self-etching adhesive investigated in this in vitro study performed significantly worse than the conventional fissure, the shear bond strength exhibited solid and promising results. On the one hand, one major reason for the acceptable performance of the Adper Prompt-L-Pop may be the low pH values of 0.9-1. According to van Meerbeek et al. (2003) , such materials can be classified as strong self-etching adhesives that produce etching patterns similar to those of phosphoric acid treatment 20) . On the other hand, the reduced performance after 3 months of water storage seems to be associated with a greater susceptibility to hydrolytic degradation. This finding is important because manufacturers should better stabilize such adhesives in wet environments.
The clinical results related to this new sealant generation are contrary. In a 24-month clinical trial published by Feigal and Quelhas (2003) the authors found no difference between sealants placed with the selfetching adhesive and the control group that involved the use of phosphoric acid 21) . Other studies have registered significantly lower sealant retentions after 36 and 24 months for self-etching adhesives than for phosphoric acid pretreatment 22, 23) . These clinical findings underline the in vitro observations of several work groups that have documented heterogeneous results. Nevertheless, self-etching adhesives are promising materials that need to be improved in terms of long-term retention.
When evaluating potential clinical performance, laboratory investigations, such as shear bond strength and microleakage testing, are routinely used 20, 24) . In the present investigation, we followed the recommendation of the International Organization for Standardization for investigation of dental adhesive materials 17) , and these standards can likely be understood as the current laboratory standards 25) . The advantage of using the moulded shear blade can be observed in the reduced variability of the results because the shear blade directly forces the adhesive interface and may reduce cohesive fractures. Additional advantages of our study are the high number of specimens that were tested for shear bond strength (n=40) and the inclusion of different and appropriate aging protocols to address the potential effects of thermal stress and hydrolytic degradation. Moreover, the self-etching adhesive investigated in this study was used with a corresponding fissure sealant from the same manufacturer because it is advisable that adhesive systems be used with compatible resin composites 26) . A limitation of this study might be that we consequently used non-grinded, prismless enamel for all groups rather than grinded flat surfaces. The curved surfaces may have differed in their expanses, which may have caused divergent measurements. Regarding the acceptably low standard deviations, the magnitude of this effect may be considered to be low. For the microleakage analysis, we allocated 10 teeth to the control group and twice as much teeth to the experimental group. Due to the limited availability of human tooth material and the known performance of conventional fissure sealing, we doubled the specimen for the experimental group to allow a sensitive assessment of the microleakage performance of the self-etching adhesive. However, this disparity in specimen did not have any influence for the results. Another potential limitation of this study is that we did not include (micro)tensile bond strength testing, and such tests are worth consideration in further studies.
CONCLUSION
The tested self-etching adhesive (Adper Prompt L-Pop) as applied as a pre-treatment prior to the application of a fissure sealant exhibited significantly reduced shear bond strength relative to conventional fissure sealing following different aging protocols. Nevertheless, the bond strength was solid and consistent. The microleakage testing revealed low values and no difference between the sealant techniques. Based on the results of this study, self-etching adhesives might potentially be interesting pre-treatment alternatives to pit and fissure sealing in terms of the easier and shorter clinical workflows. However, manufacturers need to improve these adhesives.
